A cytopathic strain of bovine viral diarrhea virus (BVDV) was purified from infected cell culture fluids by isopycnic density-gradient centrifugation. Genomic RNA was extracted and tailed with adenine residues at the 3' end with poly-A polymerase. Double-stranded complementary DNA (cDNA) was synthesized, using the poly-A-tailed RNA as a template and oligo-dT as a primer, and then cloned into the pUC9 plasmid. Virusspecific sequences, varying in length from 0.5 to 2.5 kilobases (kb), were obtained. One BVDV-specific sequence of cloned 1.1 kb in length and with an internal Pst I restriction endonuclease cleavage site, was selected for use as a probe. The cloned insert was removed from the either with or without flanking sequences and labeled with 32 P-nucleotides by nick translation for use as hybridization probes for BVDV. The performance of probes of smaller fragments of the insert was compared to that of the intact sequence in hybridization assays. In addition, 2 methods of specimen preparation were compared to establish optimum parameters for hybridization. The hybridization assay was 10-l00 times more sensitive than infectivity assays for BVDV in infected cell cultures. Freezing of specimens reduced by lo-fold the sensitivity of hybridization for BVDV target sequences. The probes prepared from the cloned hybridized with all cytopathic and noncytopathic BVDV strains tested but not with uninfected cell cultures, cellular ribosomal RNA, bovine coronavirus, bluetongue virus, or bovine adenovirus 3. Probes prepared with native DNA did not hybridize with BVDV or uninfected cell cultures. Probes of 1.1 kb, 0.6 kb, and 0.5 kb hybridized with equal sensitivity to target sequences in the dot blot system. The presence of flanking sequences did not improve the hybridization performance of the probes. Hybridization results with specimens prepared by RNAsin and heat treatment were similar to those obtained after Nonidet P-40 and formaldehyde treatment.
The economic impact of bovine viral diarrhea virus animals. 2, 4, 11 The virus is highly fetopathic, but its effect (BVDV) infections in the cattle industry is enormous becomes progressively attenuated during the ontogeny and it is vested primarily in the virus's capacity to of the immune response in fetuses. Fetal BVDV ininduce immune dysfunction in animals and to infect fection may result in persistent "immunotolerant" infetuses. l1 Three defined disease syndromes caused by BVDV' have been recognized: bovine viral diarrhea fections in postnatal life. Such animals may be healthy but some die prematurely, often after chronic illness, (BVD), mucosal disease (MD), and fetal disease. 2, 4, 5 and all have the potential of developing mucosal dis-Most primary postnatal infections are subclinical, but ease. explosive outbreaks of BVD may occur. 11 It usually is Mucosal disease is distinguished from BVD by its a trivial disease characterized by fever, salivation, leu-lower morbidity, higher mortality, and longer course. 2, 4 kopenia, and erosion of the oral mucosa. However, It occurs only in persistently infected animals (usually evidence suggests that many infections, whether sub-with noncytopathogenic BVDV strains) and thereby clinical or not, render infected animals transiently im-represents the final outcome of in utero infection. Evimunosuppressed. 2, 17, 18 As a result, the virus has the dence suggests that the MD is precipitated by superpotential to enhance disease by other pathogens or infection of these viremic, seronegative animals with precipitate illness by opportunistic organisms. How-a different (usually cytopathogenic) strain of the virus. ever, the exact clinical consequence of BVDV-induced However, not every combination of members of the 2 immunosuppression depends on environmental or biotypes will precipitate the disease. 3 managemental stress and intercurrent infections.
It appears that the principal source of BVDV in na-BVDV crosses the placenta very efficiently after in-ture is the persistently infected animal. Other sources fection of susceptible dams or in persistently infected of the virus may be contaminated semen, infected embryo transplants, animals undergoing primary postnatal infection, live BVDV vaccine (fetal infections), available, such as virus isolation and various immu-30 noassays, either lack sensitivity or are unsuitable for large-scale application for virus detection in animal specimens or other materials. The natural history and pathogenesis of BVDV infections are complex, and further elucidation will require very sensitive and novel approaches to tracing the virus and its products. Recombinant DNA and molecular cloning techniques have recently become available and provide powerful tools for the study of viral disease and virus detection. 7 Cloning of viral complementary DNA (cDNA) establishes a genetically pure and inexhaustible supply of specific viral DNA sequences. One consequence has been the ability to construct cDNA hybridization probes representing various regions of a viral genome, which not only allows detection of viral sequences but, if the appropriate probe sequences are selected, also allows discrimination between closely related strains. The purpose of this study was to evaluate factors that affect the construction and application of BVDV cDNA hybridization probes.
Materials and methods
Cell cultures and viruses. Secondary bovine turbinate cells, negative for BVDV by immunofluorescence and grown in Dulbecco's minimal essential medium supplemented with 10% fetal calf serum, were used for growing viruses in the study. The BVDV strains included were cytopathic viruses (72, NADL, Singer, and Oregon C24v) and noncytopathic viruses (2724,7443, and New York-l) . The origins of strains 72 and 2724 have been described. 17, 18 The other BVDV strains were obtained. a In addition, the Mebus strain of bovine coronavirus b a field isolate of bluetongue virus, 23 and bovine adenovirus serotype 3 c were used in the study.
Synthesis of BVDV cDNA. The method of Gubler and Hoffman 8 was used for first-and second-strand cDNA synthesis. Briefly, virus was purified by isopycnic density-gradient centrifugation from clarified supernatant fluids of cell cultures infected with strain 72. Purified virus was obtained from fractions corresponding with a specific gravity of 1.128-1.139 g/ml. Virus proteins were denatured with sodium dodecyl sulfate (SDS) and proteinase K, and the RNA was extracted with a mixture of phenol, chloroform, and isoamyl alcohol (24:24:2). RNA was quantitated by comparing dots of viral RNA, in the presence of ethidium bromide, with known quantities of yeast transfer RNA under ultraviolet light irradiation. Because BVDV RNA is not polyadenylated, a poly-A sequence was tailed to the 3' end of purified RNA with poly-A polymerase before first-strand synthesis, which then was done using an oligo-dT primer and reverse transcriptase. Second-strand synthesis was achieved first by reaction of the products of first-strand synthesis with ribonuclease H and DNA polymerase I and then with T4 DNA polymerase.
Cloning of BVDV cDNA. A homopolymer dCTP was tailed onto the 3' ends of the double-stranded BVDV cDNA with terminal deoxytransferase to facilitate subsequent annealing of cDNA into a bacterial plasmid as described. 21 The C-tailed cDNA then was annealed into the Pst I-cut, G-tailed pUC-9 plasmid vector d as described* and the recombinants transfected into JM-83 Escherichia coli cells as reported. 10 Transformed colonies, identified on solid selective YT medium by ampicillin resistance and a disrupted lac-Z gene, were screened by colony hybridization for BVDV cDNA sequences by methods of Maniatis et al. l4 Bacteria were transferred to nitrocellulose, lysed, and hybridized with a singlestrand BVDV cDNA probe (produced by first-strand cDNA synthesis from BVDV RNA using random primers and 32Plabeled deoxynucleotides). Stocks of bacteria with recombinant plasmids were grown in YT broth supplemented with ampicillin.
Characterization of recombinant plasmids (with significant signals on colony hybridization) was done as described previously. l4 Bacteria containing recombinant plasmids were lysed with lysozyme and NaOH, and the plasmids were purified by isopycnic density gradient centrifugation in CsCl. Plasmids with significantly slower migration than parenteral supercoiled plasmids during agarose-gel electrophoresis were digested with Pst I restriction endonuclease. The approximate size of the released cDNA inserts was determined by comparison, after agarose-gel electrophoresis, with known size standards. e The inserts were purified as described. 14 The recombinant plasmids were digested by one of 3 restriction endonuclease systems (Pst I, Hind III and BamHI or Pvu II) followed by electrophoresis and electroelution.
Preparation of cDNA hybridization probes. Purified insert cDNA was labeled with 32 P to a specific activity of l-4 x 10 8 cpm/μg by nick translation as described. 20 Labeled DNA was separated from unincorporated nucleotides by centrifugation through Sephadex G-50. As a control, native pUC-9 plasmid DNA was labeled also with 32 P by nick translation.
Hybridization assay. The RNA blots were prepared as described. 22 Specimens were clarified by centrifugation, treated with Nonidet P-40 and formaldehyde, and applied to nitrocellulose in a dot blot apparatus. Nitrocellulose sheets were soaked in water and in 20 x standard saline citrate (SSC), air dried, and baked at 80 C for 90 min. Some samples were treated, after clarification, with RNAsin e at a concentration of 5 units/0.1 ml of sample for 10 min at room temperature and then heated to 60 C for 30 min prior to their application to nitrocellulose. Samples tested (frozen and fresh) included various cell culture-grown viruses, supematant fluids of uninfected cell cultures, known quantities of purified BVDV RNA, yeast transfer RNA, and phenol-extracted whole BTU cells.
Probe hybridization with RNA dot blots was done by the procedure of Maniatis et a1. 14 as modified. 22 Nitrocellulose was placed in plastic bags and wet with 6 x SSC followed by treatment with 10 ml of prehybridization solution (50% formamide, 5 x SSC, 0.2% SDS, 1 x Denhardt's solution, and 250 μg sheared salmon sperm DNA) at 68 C for 4-6 hr with gentle agitation. The cDNA probes were denatured by boiling for 5 min, rapidly cooled in ice, and added to the prehybridization solution. Hybridization was allowed to proceed at 42 C for 16-24 hr, at which time the nitrocellulose sheets were washed 4 or 5 times in 2 x SSC and 0.1% SDS and twice at 50 C in 0.1 x SSC and 0.1% SDS. The filters then were dried on filter paper at 22 C and were placed in radiographic film cassettes containing XAR-5 film f and an intensifying screen for 24-72 hr. The films were developed by standard methods. Blots for DNA hybridization were prepared and hybridized as described. 14 Infectivity assays. Serial lo-fold dilutions of virus were made in cell culture medium chilled to 4 C, and 0.l-ml aliquots of the dilutions were adsorbed onto secondary bovine turbinate cells in 96-well cell culture plates for 1 hr at 37 C. The virus dilutions were removed and replaced with medium. The cells were incubated at 37 C in a 5% CO, atmosphere and examined daily under an inverted microscope for cytopathogenesis. Noncytopathic viruses were titrated in 25cm 2 cell culture flasks using an inoculation volume of 0.5 ml. The presence of noncytopathic virus was determined by indirect immunofluorescence. The highest dilution of virus that resulted in infection of 2 of 4 cell cultures was considered to be the median infectious dose (CCID 50 ).
Results
Approximately 5,000 colonies of bacteria with disrupted lac-2 genes (white colonies) were isolated. Because all these colonies likely contained recombinant plasmids, they were screened by colony hybridization with a probe prepared by first-strand randomprimed synthesis from BVDV RNA. About 200 colonies had significant signals with the latter probe. Forty-seven of the 200 recombinant plasmids appeared to have inserts larger than 0.5 kb.
A plasmid (no. 5) containing an insert of approximately 1.1 kb was selected for further study because it had one of the strongest signals by colony hybridization. The insert was approximately 1.1 kb in size and had an internal Pst I restriction endonuclease cleavage site. Removal of the insert from plasmid no. 5 after cleavage with Pst I restriction endonuclease cleavage resulted in the recovery of BVDV-specific sequences 0.6 and 0.5 kb in size. Cleavage of this recombinant plasmid with BamHI and Hind III restriction endonucleases allowed recovery of a single 1.1-kb sequence, whereas cleavage with Pvu II released a sequence of approximately 1.4 kb in size.
The specificity and sensitivity of a hybridization probe synthesized from the 1.1-kb insert sequence of recombinant no. 5 was characterized. A threshold of 10-20 pg of specific BVDV RNA resulted in detectable hybridization signals with the probe. The detection limit of the hybridization assay in 0.l-ml aliquots of serial dilutions of BVDV strain 72 was the l0-7 dilution, whereas the infectivity titer of this material was l0 5 CCID 50 /O.1 ml. Hybridization signals were present in samples of dilutions of the noncytopathic BVDV strain 2724 l00-fold beyond those that were infective for cell cultures. A lo-fold reduction in sensitivity of the hybridization assay occurred after samples were frozen at -80 C.
The sequence in probe no. 5 hybridized with all the cytopathogenic and noncytopathogenic BVDV strains tested (Table 1) . However, hybridization signals were not detected when blots of uninfected cell cultures, cellular ribosomal RNA, or yeast transfer RNA were probed, In addition, hybridization did not occur between this probe and bovine coronavirus, bluetongue virus, or bovine adenovirus serotype 3. Probes prepared from native pUC-9 plasmid did not hybridize with the latter samples or any of the blots of the various BVDV strains.
Fragments (0.5 and 0.6 kb) of the 1.1-kb insert of clone no. 5 and the intact sequence flanked with approximately 3 kb of plasmid sequences were labeled with 32 P by nick translation and used as probes. The performance of these probes was compared with the 1.1-kb probe in dot blot hybridization of serial dilutions of BVDV strain 72. All probes in this assay had a hybridization signal limit at a l0 -6 dilution of the virus.
Specimen treatment with RNAsin and heat was compared to that with Nonidet P-40 and formaldehyde in a sensitivity assay with serial dilutions of BVDV strain 72. No difference in hybridization efficiency was detected between the assays of samples treated by the 2 different methods.
Discussion
The evidence obtained in the present study con firmed that the recombinant plasmids that reacted by colony hybridization with random-primed first-strand probes synthesized from BVDV RNA contained sequences that were indeed complementary to BVDV RNA. The sequence from clone no. 5, when used as a radiolabeled probe, hybridized with BVDVinfected cell cultures but not with uninfected cell cultures, cellular nucleic acids, or yeast transfer RNA. In addition, radiolabeled probes synthesized from native plasmid DNA did not hybridize with BVDV-infected cells (or uninfected cells). It was necessary to establish that the cloned used hybridized with BVDV genomic sequences and not with cellular RNA or DNA (to exclude the possibility of contaminating cellular nucleic acid sequences represented in the or due to hybridization of contaminating sequences in the probe with some target in the specimens. The procedures we followed for obtaining cloned BVDV were very similar to those of Renard et a1. 19 However, the latter did not evaluate their cloned sequences in diagnostic assays. In the past, some putative viral probes have hybridized with cellular nucleic acids or sequences present in the sample. 1, 16 Because the latter may occur when samples are contaminated with bacteria, a control probe synthesized from native vector should be included in diagnostic hybridization assays. l Further evidence of the specificity of the recombinant BVDV sequences was the absence of cross hybridization of the probes with other bovine RNA or DNA viruses. Hybridization did not occur between the BVDV probes and the genomes of bovine coronavirus, bluetongue virus, or bovine adenovirus. Although the number of heterologous viruses tested was small, they represented such divergent virus families that one may conclude with reasonable assurance that the probes tested were specific for BVDV. In addition, the viruses were selected because they are ubiquitous infectious agents of cattle.
The potential usefulness of cloned BVDV as hybridization probes evaluated in the present study may rival that reported for other viruses. 12, 13, 22 The sensitivity threshold for detection of hybridization signals was l0-20 pg of BVDV RNA, which was determined by dot blot hybridization with known concentrations of RNA extracted from density gradientpurified virions. This level of sensitivity was obtained with a hybridization time of 16 hr and after stringent washing (low salt concentrations) of the hybridized dot blots before they were exposed to radiographic film. Detection limits of l0-25 pg of genomic RNA or DNA in other systems have been reported. 13, 22 Comparison of hybridization with infectivity assays indicated that the former appeared to be approximately 100 times more sensitive in detection of BVDV. Although the hybridization assay is technically more demanding and complex than virus isolation and immunoassays for BVD diagnosis, the appealing features of this procedure are its sensitivity and that large numbers of samples can be screened simultaneously.
Although the sensitivity of hybridization between cloned BVDV was high in the present study, several parameters still could have improved the limits of detection observed. Freezing of the specimens resulted in an approximate 10-fold decrease in sensitivity in the hybridization assay. It is possible that this phe-nomenon may have been due to damage to the virions, allowing some penetration of ubiquitous ribonucleases since it occurred also when frozen samples of visions purified by density-gradient centrifugation were assayed. This emphasizes the urgency of rapid and appropriate processing of samples for hybridization assays when ribonuclease-susceptible target sequences are probed. For this reason sample treatment of RNAsin and heat has been advocated to improve sensitivity of the assay? However, in the present study, the latter treatment did not improve on results obtained with Nonidet P-40 and formaldehyde treatment. Another avenue investigated was an attempt to amplify the hybridization signal by sandwiching the probe to itself as a result of hybridization between the complementary strands of sequences flanking the BVDV of the probe. 15 A probe was constructed with flanking sequences by removal of the insert with Pvu II restriction endonuclease, which included a total of about 0.3 kb of sequences after cleavage of the recombinant plasmid. However, under the conditions of hybridizations in the present study, this sandwiching procedure did not result in an increased hybridization signal.
The probes prepared from recombinant clone no. 5 appeared to react equally well with all the BVDV strains tested regardless of whether the viruses were cytopathic or not. Certain small specific sequences used as probes could result in greater specificity and thereby allow discrimination among closely related viruses? Such probes for BVDV would consist of sequences that are not highly conserved among strains of BVDV, thereby allowing strain differentiation. Few markers that characterize BVDV strains exist, with the exception of in vitro cytopathogenicity. Therefore hybridization with probes consisting of specific esoteric sequences from different strains may be of great value in genetic classification of BVDV strains. However, it would be difficult to identify such sequences until the RNA base sequences of several BVDV strains have been determined. Optimal specificity has been obtained by decreasing probe length to the minimal number of base pairs needed for stable hydrogen binding (15-20 base pairs) but, unfortunately, decreasing probe size to this extent also decreases the sensitivity 100-fold. 6,9 Probe length does affect specificity and sensitivity of the hybridization assay, 9 but, under the constraints of the present study, probes of 0.5, 0.6, 1.1, and 1.4 kb performed similarly.
Probes synthesized from cloned BVDV may prove to be useful for detection of BVDV (particularly noncytopathic strains) in biologics and for assessing the adventitious presence of BVDV in cell cultures or in stocks of viruses more aggressively cytopathogenic than BVDV. In addition, they seem to be particularly suitable for screening large numbers of samples si- 
